in winter. The summer increase is found to be due to the high wind speed producing larger amounts of wind-driven dust particles. The winter AOD values decrease more at higher wavelengths, indicating a general reduction in the number of bigger particles. Also during the winter months the wind direction changed to southerly and southeasterly bringing air from more rural areas to the measurement site. The amplitude of the observed high AOD values in summer is higher (low during winter) for longer wavelengths, which shows that coarse particles contribute more to the observed variation as compared to sub-micron particles. To characterize the aerosol optical depths, the Ångström parameters and were used.
INTRODUCTION
Aerosols play an important role in earth's radiation budget, air quality and environmental health (Prospero et al., 1983; Satheesh and Ramanathan, 2000; Pinker et al., 2001) . On a global scale, the natural sources of aerosols are more important than the anthropogenic aerosols, but regionally anthropogenic aerosols are more important (Kaufman and Fraser, 1983; Ramanathan et al., 2001) . Aerosols produced from different natural and man-made activities are mixed together and hence each aerosol particle is a composite of different chemical constituents, which determine the refractive index of aerosols. The sources and sinks of aerosols are so varied and distributed over the globe, that their physical properties and optical effects show distinct variation with geographic locations. Natural sources, such as volcanic activity, produce synoptic scale effects; while other sources, such as wind blown dust, sea-spray, convective and general circulations produce regional-scale effects in modulating background aerosols. Added to the natural sources are the anthropogenic sources of aerosols, such as combustion, industrial activity, transport and mining that contribute to regional-scale differences in aerosol properties. Aerosols generated at one place are transported over long distances by the wind systems and they produce consequent effects at locations much farther away from the source. A good example of this is the transport of Saharan dust across the Atlantic. Hence the global studies of the aerosols properties are of great importance.
One of the most important optical properties of aerosols used in the radiative transfer calculation is the Aerosol Optical Depth (AOD). It is defined as the attenuation of direct solar radiation passing through the atmosphere by scattering (angular redistribution of energy) and absorption (conversion of energy into either heat or photochemical change) due to aerosols.
Monitoring AOD at different wavelengths is useful for deriving additional information on the size distribution of particles, as well as the study of its variation with season, which in turn helps to identify the variation in the source strength of different particles emitted into atmosphere. Extensive measurements of turbidity parameters have been carried out in the past at different Indian stations using single-and three-wavelength Volz sun photometers (Mani et al., 1969) . These studies have considerably enriched our knowledge on the atmospheric turbidity over India and have provided some background information. Krishnamoorthy et al. (1988) , overcoming the limitations of these measurements, conducted a study at Trivandrum (India) in 1984 using three narrow-band filters. This study revealed several aspects of aerosol extinction features and brought out the need for detailed studies by making measurements at more spectral intervals. A network of Multi-Wavelength Radiometer (MWR) stations has been set up at different locations to cover different types of environments; e.g., rural, urban, coastal, marine, arid, desert, etc. A brief review of the scientific results obtained from these stations was reported by Subbaraya et al. (2000) . To evolve a comprehensive characterization of the spatial and temporal variation in the physical, chemical, and radiative properties of aerosols, experiments over the Arabian Sea region under ISRO-Geosphere Biosphere Programme (ISRO-GBP), Indian Ocean Experiment (INDOEX) and Arabian Sea Monsoon Experiment (ARMEX) have recently been conducted (Satheesh et al., 2006) . There are very few measurements of aerosol characteristics from the semi-arid, near-marine locations in India, except that from Jodhpur (Subbaraya et al., 2000) . In this paper, we present the month-to-month variation of AOD and Ångström parameters over the semi-arid Indian station Rajkot near the Arabian Sea. These results will contribute to understanding the regional characteristics of aerosols and in helping with aerosol modeling. Rajkot (22 o 18 N, 70 o 44 E, 142 m above MSL) is a semi-arid suburban region near the Arabian Sea. With the availability of a modern hand-held sun photometer, investigations of the AOD can be done with much more flexibility for the selection of the wavelengths and observation sites. In this study MICROTOPS-II sun photometers (fitted with narrow-band interference filter) are used for the estimation of AOD and precipitable water vapor. The complete details of the sun photometer and measuring technique have been described by Morys et al. (2001) . The attenuation of solar radiation by aerosol particles is strongly dependent on the size of the particle and wavelength interval considered. Therefore, investigations of the spectral variation of aerosol attenuation within the near UV, visible and near infrared regions could be very informative (Adeyewa and Balogun, 2003) . We have selected wavelengths of 380, 440, 500, 675, 870 and 1020 nm for studying spectral variation of aerosol properties, and 936-nm wavelength for the precipitable water vapor study.
SITE AND INSTRUMENTATION

METHOD OF DATA ANALYSIS
Radiation measurements
Estimated value of aerosol optical depths at six different wavelengths ranging from 380 nm to 1020 nm and precipitable water vapor were collected from the MICROTOPS II sun photometer. Monthly values of relative humidity, temperature and wind velocity were downloaded from the website "www.wunderground.com". The hourly observations on the visible cloud-free days are used in the present study.
Determination of Ångström parameters
The spectral dependence of AOD is typically approximated using Ångström's formula (Ångström, 1961) derived on the premise that extinction of solar radiation by aerosols (i.e., AOD) is a continuous function of wavelength, without selective bands or lines for scattering or absorption. Thus the formula derived empirically is given as
where, ( ) is the AOD measured at wavelength ( m), is the turbidity coefficient (related to the total aerosol content) and is the wavelength exponent (related to the size distribution of the scattering particles). Large values of indicate a relatively high ratio of small to large particles. It is expected that when the aerosol particles are very small, on the order of air molecules, should approach 4 and it should approach 0 for very large particles Pinker et al., 2001) .
For the purpose of determining and values by linear regression, the above equation can be further expressed in the form:
Substituting the derived ( ) values in the above Eq. (2), the slope of ln ( ) vs. ln graph provides wavelength exponent and its intercept ln . For spectral analysis this method of linear fitting is the best way of obtaining the Ångström parameters (Cachorro et al., 1987; Maheshkumar et al., 2001) .
RESULTS AND DISCUSSION
June to September are normally the rainy months of the year as the rainfall pattern at Rajkot generally follows the southwest monsoon. Except for the rainy season, the weather is dry with abundant sunshine; however cloud cover is frequently seen throughout the year. Because of this, rainy-season measurements are scarce and we could not take a significant number of observations during this period. The general statistics, i.e., the mean value and standard deviation of AOD at six different wavelengths, are given in Table 1 and that of precipitable water vapor, wavelength exponent ( ) and turbidity coefficient ( ) are given in Table 2 .
It can be seen from the Table 1 that the mean value of AOD at all wavelengths are high during summer, prior to the monsoon. Immediately after the monsoon, the mean AOD values are the lowest. The small number of data points during these months (September, October and November) is due to the poor weather conditions, which is a constraint for reliable measurements using the instrument.
Spectral-temporal variations in AOD
The temporal variations in columnar AOD at different wavelengths observed on a typical clear-sky day, April 1, 2005, are shown in Fig. 1(a) , which clearly indicates a systematic spectral dependence according to classical Mie scattering theory. These features can be ascribed to the abundance of fine aerosol particles of continental origin. It is also clear that AOD at these wavelengths exhibits a temporal pattern with high values in the morning and late afternoon. It may be due to rush hour and high relative humidity as shown in Fig. 2(c) . Comparison between Figs. 1(a) and 2(a) and (b) reveals the influence of wind on the enhancement in AOD during prenoon and post-noon periods. It is clear from the above figure that observations were influenced by the combined air mass of both land and ocean origin, which results in high AOD. Thus, the observed changes in AOD and wind field are consistent. It may be noted that although the wind speeds are high during the pre-noon period as compared to post-noon, the enhancement in AOD is not observed. This may be due to increase in temperature during the period (Fig. 2(d) ), which might have affected the surface area of some of the aerosols present in the sensing region. Nevertheless, the effect of wind is quite evident on AOD observed during the post-noon period. Fig. 1(a) . Temporal variations in columnar AOD at different wavelengths. Fig. 1(b) . Spectral dependence of AOD. Fig. 1(b) shows the mean spectral dependence of AOD observed at noon time. The spectral variation of AOD exhibits high AOD at smaller wavelengths and vice-versa as expected from the Mie theory, except a slight enhancement in AOD at 870 nm, which may be due to interference of a weak water vapor-absorption band (Dani et al., 2003) . Fig. 2 (a, b, c and d) . Temporal variation in meteorological parameters (wind direction, wind velocity, relative humidity & temperature). Fig. 3 . The lowest values of mean AOD were obtained from October to December. The decrease in AOD from winter is considered to be due to cloud scavenging and rain washout processes. Monthly variation in precipitable water vapor content (PWC) is shown in Fig. 4 . PWC is high in summer and low in winter, as expected. Comparison between Figs. 3 and 4 reveals a correspondence between AOD and PWC, which suggests the growth of aerosol particles associated with higher PWC values. This is in qualitative agreement with the results at other Indian stations (IMAP FINAL REPORT-III, 1994) where AOD values at all wavelengths were high in summer and low in winter. 
Monthly variation of Ångström parameters, and
The Ångström wavelength exponent and turbidity coefficient have been derived from the plot of logarithm of AOD versus logarithm of wavelength. These aerosol optical and physical parameters computed for each month are plotted in Fig. 5 . Our data reveal an inverse relationship between and values, i.e. the low exponent values are associated with the high values and vice-versa, which agrees with earlier observations by Adeyewa and Balogun (2003) , Dani et al. (2003) , and Satheesh et al. (2006) . The correlation coefficient between and is estimated and shown in Fig. 6 to examine this feature. The correlation coefficient (R= -0.884) indicates a very good anti-correlation between and . Minimum values of in summer indicate the presence of coarse-mode aerosol particles during this period, and high values of during winter indicate the reduction of coarse-mode particles. The ratios between AOD observed at 1020 nm and at the five other wavelengths (380 nm, 440 nm, 500 nm, 675 nm, and 870 nm) are plotted in Fig. 7 . This plot clearly indicates larger ratio at 380, 440 and 500 nm, implying also the abundance of coarse-mode particles particularly during the transition period from late pre-monsoon to early monsoon months. These features indicate the presence of marine air mass, originating from the Arabian Sea, and passing over Rajkot, combined with wind-blown dust during this period. Similar results were reported by Devara et al. (2005) from Pune, India. High value of AOD in summer (pre-monsoon) and low in winter (post-monsoon). 2. Smaller wavelength exponent and larger turbidity coefficient indicating abundance of coarse-mode aerosols (originating from wind-blown dust and marine airmass) particles with greater extinction during summer due to local meteorology and vice versa in winter.
Sharp fall in AOD from summer to winter is considered to be due to cloud scavenging and rain washout processes.
3. There is inverse relation between wavelength exponent and turbidity coefficient with good anti-correlation.
